Constraints on two-lepton, two quark operators 



Michael Carpentier 1 and Sacha Davidson 1 

l IPNL, Universite Lyon 1, Universite de Lyon, CNRS/IN2P3, 4 rue E. Fermi 69622 Villeurbanne cedex, 

France 

Abstract 

Physics from beyond the Standard Model, such as leptoquarks, can induce four fermion operators involving 
a quark, an anti-quark, a lepton and an anti-lepton. We update the (flavour-dependent) constraints on the 
coefficients of such interactions, arising from collider searches for contact interactions, meson decays and 
other rare processes. We then make naive estimates for the magnitude of the coefficients, as could arise in 
texture models or from inverse hierarchies in the kinetic term coefficients. These "expectations" suggest 
that rare Kaon decays could be a good place to look for such operators. 



1 Introduction 

Various arguments, such as the "hierarchy problem" and the existance of Dark Matter, suggest New Physics 

1/9 

(NP) with a mass scale m^p <; G F . The new interactions could manifest themselves, at energies below 
tojvp, as small deviations from expected Standard Model rates, or as new processes, absent in the Standard 
Model (SM). If htlmp is accessible to the LHC, the new particles could be discovered soon. 

To identify New Physics produced at colliders, it helps to have input from low energy precision experiments. 
For instance, Gf and a em were important inputs for the electroweak fit to LEP data. In flavour physics, 
precision low energy experiments searching for suppressed or forbidden SM modes, are sensitive to New Physics 
scales 3> TeV. These bounds can be compatible with TeV mass NP, provided there is some "similarity" between 
the flavoured interactions of the new particles and of the SM (such as Minimal Flavour Violation [1] [2]). It 
is therefore interesting to study the interplay between flavour and high energy experiments, both current and 
future, as was recently done in the series of workshops "Flavour in the era of the LHC" [3]. 

Contact interactions |2] involving two quarks and two leptons are particularly relevant because the LHC 
can have qq in the initial state. This paper compiles bounds on the coefficients of four fermion interactions 
involving a quark, an anti-quark, a lepton and an anti-lepton. These will be refered to as "two quark, two 
lepton" interactions in the following. The coefficients are assumed to be flavour-dependent, and the bounds are 
set assuming the presence of one interaction, of given flavour indices, at a time. An update of these constraints 
is timely, to take into account the improved limits from B factories. 

We consider four fermion interactions which are induced by dimension six gauge invariant operators. The 
bound on the coefficient of a particular gauge invariant operator can be obtained by consulting the tables of 
bounds on all the four fermion interactions it induces, and selecting the most stringent one. We present bounds 
on the coefficients of (non gauge-invariant) four fermion interactions, rather than of gauge invariant operators, 
to allow constraints to be extracted for an arbitrary basis of gauge invariant operators. This is an artifact of 
setting bounds by allowing one interaction at a time; we could constrain gauge invariant operators if we fit 
simultaneously to all the coefficients. 

Various processes can constrain a given four fermion interaction. We attempt to find the best bound on 
each coefficient, and list it in tables[3]-[T3] In the case of SM-allowcd processes which are observed, the bound is 
obtained by requiring that the SM-Ncw Physics interference contribute less than 2a. In the case of unobserved 
decay rates, the New Physics is bounded to contribute below the 90% confidance level experimental limit. The 
bounds should be correct at the factor of two level, but not to the two significant figures quoted. 

The limits compiled here are mostly obtained from observables to which the two quark two lepton in- 
teractions contribute at tree level: contact interaction searches at colliders [3 [6j [7] , and various low energy 
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processes which are rare or suppressed in the Standard Model : leptonic and semi-leptonic meson decays 
semi-leptonic r decays [llj . and fi — e conversion [12] . The four fermion operators can also contribute in loops, 
for instance one obtains a penguin by closing two legs and attaching a gauge boson. However, such loop bounds 
depend on the New Physics inducing the contact interaction, as discussed in section 14.21 So we only include 
estimated bounds from Z decay observables at LEP1 [13] . because these were the only constraints we could 
find on some higher generation operators. 

Constraints have previously been compiled3, on two quark and two lepton contact interactions [141 1151 1161 
[TTJ [TH1 [19l [20J [211 [22] [23l [24J [25] as could arise in strongly coupled models, and in other New Physics scenarios 
such as leptoquarks [26j E3 [28l EH [30l El E2] and Z's [24l GSl EH EH [36]. As reviewed in section El the 
most natural basis of four fermion operators depends somewhat on the New Physics scenario. Following the 
lepton chapter of the CERN Workshop report [T5] (which gives bounds on contact interactions involving four 
leptons, and on some two lepton and two quark interactions), we use operators where the leptons and quarks 
are contracted, in most cases, among themselves. 

Meson factories, such as Belle and NA62 [37], will be studying rare decays with great precision in the 
upcoming years. They could search, for instance, for lepton flavour changing but generation diagonal decays 
such as K + — > 7r + /i ± e^ or B + — > K + T^ z fj^, which would be "natural" for leptoquarks with generation 
diagonal couplings. It would be useful to have some phenomenologically motivated "expectations" for whether 
NP should appear in second or third generation rare decays. So in the last section of this paper, we estimate the 
coefficients of the two-quark, two-lepton operators in the Cheng-Sher ansatz |38j for dimensionless flavoured 
coupling constants, A*- 7 ' ~ JWffji where yi,yj are the Yukawa couplings of SM fermions i and j. This predicts 
the relative rates of different processes, which allows to compare the sensitivity of different processes to the 
underlying New Physics mass scale. 



2 Operator Basis in the Effective Lagrangian 

There are a large number of gauge invariant two quark two lepton operators at dimension six, not all of 
which are independent from each other: equations of motion give relations between operators, and Fiertz 
transformations rearrange the Lorentz contractions. In this section, we review the four fermion operator basis 
of [15j . and discuss the relation to the (non gauge invariant) four fermion interactions on which we quote 
bounds. 

If New Physics is present at the scale mjvp, it can be added in the SM as terms in an effective Lagrangian 
Cffi, which can be written, at energies below ttinp as an expansion in 1/m^p: 

Cffj = Co + —C x + -J— £ 2 + -^C 3 + ■■■ (1) 

m NP m NP m NP 

where Co is the renormalizablc SM Lagrangian, and the C n contain dimension d = 4 + n operators, constructed 
out of Standard Model fields, and invariant under the SM SU(3) x SU(2) x U(l) gauge symmetry. 
The SM fermions are written as: 

du ) ' ^ = ( ) URl1 €m (2) 

where i is the family/generation index. (Notice that, in what follows, I stands for the lepton doublet, and I for 
any charged lepton.) Then the basis of operators used in [15] for the dimension six Ci contains the V±A two 
lepton-two quark operators: 

= (^PL^)(qkl,P L qn), (3) 

= (W^PLii) (q-kr'^PLqn) , 

0% kn = (e^Ppe )(q kl ,P L q n ), 

Ol J d n = (ei^PRej) (d k ^P R d n ) , 

Og kn = (ea^Pne^iu^PRUn), 



1 For additional pre-1995 references, see the references of |28l 
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OH kn = (iirfPLti) (dk^PRdn) (5) 

where the Lorentz, colour and SU(2) are contractions are implicit within the parentheses, t 1 are the Pauli 
matrices (r 3 = diag{l, —1}), and generation indices are subscripts. With the same notation (but now SU(2) 
contraction between the parentheses), the S±P operators are: 



= (hei) (d k q n ) . (6) 



See [15] for the expansion of these operators on the component helds which participate in observable interac- 
tions (e.g. vl and rather than £). A similar expansion, for the four fermion operators induced by scalar 
leptoquarks, can be found in |71) . 

After Electroweak Symmetry Breaking, an operator constructed with electroweak doublets, for instance 
C(i)£<3 °f e< t n © 5 wm induce four fermion interactions among the doublet components (see eqn @). The data 
bound the coefficients of these four fermion interaction among chiral fields (ul, cIr, e^, etc), so in our tables, 
we quote bounds on the coefficients of four- fermion interactions. The best bound on the coefficient of a gauge 
invariant operator will be the most restrictive limit to be found on all the four fermion interactions it induces. 

We quote bounds on the coefficients of four fermion interactions, rather than those of gauge invariant 
operators, to minimise the dependence on operator basis choice. To motivate this, consider the alternative 
gauge invariant operator O a it, that could be induced by a scalar leptoquark: 

O alt = (fel)(£eq c ) (7) 
= i [(u^P L u){e ltl P L e) + [d^P L u){D ltl P L e) + {u^P L d){e^P L v) + {d^P L d)(D^P L v)] 

where e gives the antisymmetric SU(2) contraction. Using the identity S a bS c d + Y^i[ a i\ab[ a 'i\cd = 2S a dSb c for 
the SU(2) contraction between q and e£, the operator (J7J) can be rewritten in terms of C(i)^ g and 0( 3 y q . 
However, since the bounds are computed by allowing the coefficient of one operator at a time to be non-zero, 
the constraints on the coefficients of O a it cannot be obtained easily from the bounds on the coefficients of 
On\£ q and Or$\i q . We therefore quote bounds on the more "physical" four fermion interactions, which allows 
bounds on any choice of gauge invariant dimension 6 operators to be extracted from our tables. 

We choose the factors of 2 in the normalisation of the operators such that the coefficient Cyfc„/m^p 
replaces —AGf/^/2 as the coupling constant in the Feynman rules. So the hermitian operators of eqn ([5]) are 
included as 
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c = ... + - y 9i^ ^ kn + h.c. (8) 

i,j,k,n=l NP 

where the 1/2 compensates the +h.c The generation indices of the S ± P operators also are summed 1..3, 
and there is a +h.c but no 1/2 because the operators are not hermitian. 

In order to set bounds on dimensionless quantities, the coefficients of the two lepton-two quark operators 
in ([5]) and ([6]) are normalized relative to the Fermi interactions: 
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Notice that the first two indices, ij, are always lepton indices, and the last two, kn, are always quarks. 
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3 Constraints from Rare Decays 



A multitude of precision experiments searching for rare meson decays provide stringent bounds on the generation- 
changing interactions of New Physics. We use the experimental bounds compiled and averaged by the Particle 
Data Group [TT]. Constraints on New Physics have been obtained from this data in the papers mentioned in 
the introduction, and in more recent years by [IH1 S3 EH H3] , including CP violation effects [H], asymmetries 
in final state distributions [IS] , and discrepancies between the data and the SM [57J US] • 



3.1 Leptonic meson decays 



In the presence of New Physics, the leptonic decay rate of a charged pseudoscalar meson M kn (for instance 
7r + ), made of constituent quarks q~k<ln (for instance du), can be written: 



r(M kn ^m = 



kGp 



''M 



Vkn 



{4%fp 2 ( 



ijkn 
S V-A 



A 2 [(r 



m i - m2 j)( m i + m ?) + 4m 2 m 2 l + 



ijkn ijkn 
l S+P 6 V-A 



V, f ijkn 



APnij (r 



'M 




(13) 



The expectation values of quark currents are taken to have their current algebra values: 



P 



qrq\M) 



2 2 2 nrik + m n 

These formulae are used for pions, kaons, and B mesons, with meson decay constants /m taken from [TT] . 
and from [49] for the Bs (we take f B o = /s+ = 195 MeV, and Jb s = 243 MeV). P^ is the momentum of the 
meson, and k is the magnitude of the lepton 3-momentum in the center-of-mass frame: 

1 



( m M - ( m i + m j) 2 ) ( m M - { m i - ™j) 2 ) 



(14) 



In the Standard Model, charged pseudoscalar mesons decay to light leptons via s-channel W boson ex- 
change. This amplitude is suppressed by the lepton mass, due to angular momentum conservation: in the 
rclativistic limit, where helicity ~ chirality, the chirality of one of the left-handed leptons must be nipped. This 
suppression can be seen in the bracket multiplying A 2 in eqn (1131) , and is precisely measured in the i? T |51j 
and Rk ratios 

r(7T+ -> e+v) 



Rti 



Rtt = 



theory 



r(7T+ -> V+V) 



{ml 



,2\2 



(l + Aj = (1.2354 ± 0.0002) x 10" 



(15) 



(where A are SM corrections to the given tree formula) . New Physics that induces the S + P type operators of 
eqn ([5]) does not suffer this suppression, as can be seen from the first term of eqn p3[) . so is tightly constrained 
by the decays M kn — > 1 % P. 

Bounds from a given process, on the e ljkn coefficients of two quark two lepton interactions, are obtained 
by allowing one e l i kn at a time to be non-zero^. For instance, in the charged meson decays which occur at tree 
level in the SM, we successively allow all the operators involving a neutrino. When the neutrino flavour is the 
same as in the SM amplitude, these New Physics interactions can interfere with the SM, giving a contribution 
to the decay rate oc Ve. For other neutrino flavours, the New Physics contributes oc e 2 . 

We also use eqn (TT3"]) to describe the Flavour Changing Neutral Current (FCNC) decays of neutral mesons 
(such as Kl — > fie, or B — > fip,) induced by the effective operators of eqn §5$ and ©. The SM contribution 
in these decays is very small, so to use eqn (fT3"|) . the term proportional to the CKM matrix element T4 n , 
is set to zero. These processes give bounds on the V ± A type interactions (e,7 p pL,Rej){uk"i t i.PL,RUn) and 
{ea ll PL,Rej)(d k ^ ll P L Md n ). 

2 We extract bounds from decays, although there is a few a discrepancy among these decays and lattice results, which has 
been discussed in lcptoquark models |47j . 

3 So the ey -A e S+P interefence term, which is included to make the decay rate self-consistent, will not be used to set bounds. 
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3.2 Semi-leptonic decays 

Semi-leptonic decays of mesons and hadrons can occur at tree level in the SM, via charged current interactions, 
and the good agreement between theory and data can be used to set bounds on New Physics in charged currents 
(see e.g. [50] for flavour diagonal bounds). We will use the K + form factors and the observed unitarity of 
the CKM matrix to set bounds on charged current two quark, two lepton interactions. We start by discussing 
bounds from generation changing, "neutral current" decays, which are forbidden at tree level in the SM. 

3.2.1 Neutral current decays 

Semileptonic meson decays can be used to set bounds on generation changing neutral current operators of the 
V ± A -type, by using various isospin symmetries to relate the New Physics operator to SM-induced charged 
current processes. We use the following approximations: 

(K+\d\ir°) « -^(K + \d\n+) (16) 
v2 

(D+\uj>*Pc\it + ) fa (D°\d^Pc\ir-) with P = P L , (17) 

(B+\ J 7 V6|7r+) ~ (B + \ U7V&|7T°) (18) 

(B°\uY l J 5 b\ir-) y/2 (B + \ vr/^b |tt°) (19) 

where O is some isospin 1/2 operator. 

The constraints arise from generation changing decays of K, D or B mesons, such as K + — > ir + efej 
or K + — » -K + h>iVj [15]. We estimate the decay rates for such processes, induced by the New Physics V ± A 
operator, as the squared ratio of the NP to SM quark matrix elements, times the measured rate for a SM 
allowed process (for instance, K + — > n®e + v). In the case of K decays, this has errors due to lepton mass 
effects. For semi-leptonic B decays, the errors are more significant. For instance, we approximate 



T(B+ -> D°e+v) \V C 



2 



3.2.2 and (pseudo) scalar operators 

Following [25] , the decays = K + — > ■n°e + v and K^ 3 can be used to constrain the S ± P operators 



0( q s — (£e)(qu) (see eqn @)q The bound arises from the experimental limit [SH [S3] on f^ xp /f + (0), where 
fl; xp is the scalar decay constant of the kaon, and /+ one of the V — A decay constants, both defined as follows: 

M = GfV U sI ~ (?ihA)U+P ft + /-?") + 2m K (^ R )f!^ (21) 
The matrix element induced by the SM and S ± P New Physics, is: 



1 

,2 



ijkn 



M = -G F V au (ni 7fi li)(f+p» + /_«?") + J--*g- mK f?P(u l i L l1 R ) (22) 

V2 m Lq 



with p M = (pk +PttY and q p = (pk — P-kY ■ This implies 

ijkn 
<qS 

Aq 4G F V S 

With the current algebra identity: 



ft*P= % S j\ r !f p (23) 



/fP 1 q \—f- (24) 

ZrriK iti s — iTiu [jn s — m u )2mK 



we obtain 

C%? V2 1 m\ 



m L q ^G F V SU 2m K m s - m, b 



< 



fs 



U(q 2 =0) 



(25) 

exp 



Due to the ur, these operators are not strictly constrained by the rare neutral kaon decays like Kl — > /j,e. 
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3.2.3 CKM Unitarity 



We can obtain constraints on the coefficient e % i kn of the charged current four fermion interaction (va^PhZj) 
(d fc 7 Al Pi / w), from the observed unitarity of the CKM matrix V. We allow e l J kn for only one combination ijkn, 
and impose that CKM remain unitary within the 2a uncertainties [TT] on its elements. So for instance, e Viedu 
would contribute to nuclear (3 decay like a shift V u d — > Vud + e" iedu . So we obtain 

1 - \V ud \ 2 - |K, | 2 - 2V ud e»° edu + \e^ edu \ 2 ± W us a us (26) 

where V us ±a us = 0.2255±0.0019, and we neglect the experimental uncertainty on V u d = 0.97418± .00027. The 
left hand side of this equality is ~ 10~ 4 , which gives the bounds quoted in the tables. Comparing t~ — > tx~v 
to 7r — > \w determines the ratio of the leptonic couplings to the W: g T /g^ = 0.996 ± .005^55 , which we 
translate to 2e^ Tdu , \ e v i Tdu \ 2 < 2 x .01. Unitarity of the first row of V also gives 2V us e Vllsu , \e^ lsu \ 2 < 4V us a us , 
where j I, and I = e or fi. For / = r, bounds on e lJjTSU can be obtained from the strange decays of rs, 
which give V us with an uncertainty [541 [IT] a us = 0.0027. Similarly unitarity of the first colomn of V, gives 
2V c d£"' ldc , \e v i ldc \ 2 < AVcdVcd, where j ^ I, and I — e or fx. V c d can be determined from D —> ttIv decays 
ipcd = 0.024), and is most accurately determined in scattering (a c d = 0.011) [UJ. The small mass difference 
mo — m T makes ^j Tdc less easy to constrain; by comparing the upper bound[llJ BR(D~ —> tv) < 1.2 x 10 -3 
and BR(D~ — > [w) = 3.38 x 10~ 4 to eqn (fT5|) . one can require ( UjTdc < V c d- Finally unitarity also implies 
that contributions of e" jlsc should fit in the uncertainty in V c d — 1.04 ± .06, which is determined from decays 
with i = e, jj, and r. Since the uncertainty is from the lattice QCD determination of the form factor, we use it 
for all lepton generations. 

It is more difficult to use unitarity to constrain the charged current interactions involving cb, and ub. 
Instead, we require e" jliXb ^ V x b, for x ~ c and u, and all charged leptons U (since V x b are measured in decays 
to all lepton flavours). 

3.3 Tau decays 

Constraints on New Physics from rare tau decays, including loop processes, have been studied in [58l IT9l [56] , 
Here we consider tree level r decays, such as the lepton flavour violating t — > IM, where I is e or fi and M 
is a meson lighter than the tau (ir and K). The quark matrix elements and kinematic factors are estimated 
by assuming that the decay rate was the appropriate |e| 2 x the measured charged current SM process. For 
instance, a constraint can be obtained from the experimental upper bound on r — > /i7r°, by comparing it to 
t — > z/ T 7r~. This means that the mass of final state leptons is neglected, and the matrix elements are assumed 
to satisfy [28] : 

(0| u 7 ^7 5 u |tt°) rs (0| uYl 5 d \tt~) (27) 
(0| J7^7 5 s \K°) w (0| m 7 ^7 5 s \K~) (28) 



4 Other Processes 

4.1 Contact Interactions and Atomic Parity Violation 

The non-observation of "contact interactions" at colliders implies bounds on flavour diagonal four fermion 
operators. The constraints are quoted as lower bounds on a scale A (in TeV), which, in the case where two of 
the fermions are electrons, is defined via the Lagrangian 

47T - - - - 

C= ~\2 [vLL{ej fJ ,PLe)(ip'-f' 1 PL^) + VRR(ei^PRe)(tp'f Pl PR^) + ■q LR {e"i^P L e)(^ P R tp) + r] RL (ej tJ ,PRe)(ifj-f> i P L ip)] 

(29) " 

where the 77s are ±1 or 0, and tj) can be any of {fj,, r, u, d, s, c, b}. Bounds are quoted on the As with the notation 
El A^ L = A for {till, Vrr, Vlr,Vrl) = (±1, 0,0,0). 

The CCFR neutrino experiment [5], which scattered mostly muon neutrinos off nuclei, sets bounds on 
operators of the form (v^jv^^ijqi), for q\ a first generation quark. The most recent bounds that we found 

5 We here follow the notation of [6], who put the electron current before the quark in the four fermion interaction; notice that 
the Tevatrom experiments invert the order, so that A^r from LEP is Arl from the Tevatron. 
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on operators of the form (a*7A*) (91791), are from DO [8 . For operators of the form (eje)(s"fs) and (e r ye)(cryc), we 
use the bounds from LEP [6], and for first generation quark operators (eje) (91791) we follow [24] in combining 
the bounds from LEP [6] , the Tevatron [8] HERA [10] and Atomic Parity Violation. The LEP bounds assume 
the contact interaction is simultaneously present for all the light quarks {u,d,s}. Since we wish to constrain 
the four fermion interactions "one quark flavour at a time" , we divide the LEP As by v3 to obtain our bounds. 
The DO [8] and HERA [TU] bounds assume the same contact interaction of the leptons with us and ds. So for up 
quarks, we use the given bounds on A, and for da quarks, we estimate A ~ \^do,hera, and A ~ -j^^do.hera 
for dh quarks. 

Atomic Parity Violation (APV) experiments [62, 6U[TT] measure the weak charge of nuclei: 

Q w = -2\cf u (2Z + N) + Cf(Z + 2N)] (30) 

where C^ q s is the dimensionless coefficient of the chiral four fermion interaction ~y/2GF(e r y fJ 'PL,Re){qj f2 <l), so 
can be replaced by any of our es. Experiments with cesium |61j agree with the SM to within ~ la, and give a 
data- theory uncertainty [IT] of A(Cf u + Cf) ~ 0.0008 ± o!o013, A(Cf - Cf) ~ 0.0015 ± 0.0015. Since we 
wish to set bounds separately on the coefficients of four fermion interactions involving us or ds, we take the 
(2a) bound from APV to be |e| < .03. 

As there are several experiments which set bounds of similar magnitude on some of the first generation 
contact interactions, the combined bound is more restrictive. Such a combination was performed several years 
ago by Cheung[21], and despite the improvements in the data, the bounds of [H] are still the most restrictive 
and are quoted in the PDB. However, we do not use them, because they apply to the coefficients of a particular 
choice of gauge invariant operators (the same as eqn ([5])), and in some cases, the contact interactions were 
assumed to have the same strength for the first and second generations H. Instead, for u and d quarks separately, 
we combine the limits from the four experiments as 

' (31) 
w 

where e x ± a x is the 95% CL range allowed by an experiment, and w = Y] T l/Cx- The central values e com are 
< ijl/w ~ .01, so they are all approximated as zero. The resulting limits are listed in the tables. 

4.2 Decays of the Z 

New Physics which induces two lepton two quark operators at tree level, can also mediate penguin/dipole 
operators at one loop. In general, we avoid bounds from processes where the New Physics contributes in loops, 
because they are more sensitive to the New Physics details. However, in this section, we estimate bounds from 
the Z vertex, because these are the only constraints we could find on certain higher generation operators. 

We estimate the contribution of the contact interactions to the two-fermion-Z boson operators by closing 
two fermion legs, and attaching a gauge boson (see figured]). Notice however, that this contact interaction part 
may not be the full contribution; in the case of leptoquarks [13] . there are two diagrams in the full theory, with 
the gauge boson attached to either the leptoquark or the fermion. Only the fermion diagram is included in the 
effective theory estimate we will make here. We make these estimates for the Z vertex, rather than the photon, 
because closing the quark legs of the V±A operators of eqns ((U, and attaching a photon, gives no contribution 
to the lepton-lepton-photon dipole. This is an artifact of our effective field theory approach and operator basis 
choice, since there can be bounds [57] US] from dipole operators (fx — > ej, b — > sj) on leptoquarks and Z's. 

Four fermion operators of the form (9^7" PQqk)(JiJaPzlj) , where U and lj are charged leptons, can 
contribute at one-loop to the decays Z —> Idj via the diagram of figure [TJ For i = j, the effective operator 
would interfere with the SM amplitude, and contribute linearly to |11] 



Y(Z — > hadrons) 



20.804 ±.050 / = 



e 



R h = -±— ' = 1 20.785 ± .033 I = fi (32) 

T(Z^ljlj) 20.764±.045 1 = t 



6 In the case where the coefficients of the operators are flavour independent, constraints have been calculated more recently in 
T\. This analysis allows the coefficients of 21 dimension six operators to be simultaneously non-zero. 
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For i ^ j, the loop amplitude squared would indue 
are bounded 

BR(Z -> Ijj) < 

These data gives bounds of order e ^ 1, which can 



lepton flavour changing Z decays, whose branching ratios 

1.7 x 1CT 6 ij = efi 

9.8 x 1CT 6 ij = er (33) 
1.2 x 1(T 5 ij = \it 

be interesting for higher generation quarks and/or leptons. 




Figure 1: One loop contribution to Z — > IJk from an effective vertex 2^/2e l ^ kk GF {<jk"f a PQQk)(Ji"/aPzlj)- h 
are charged leptons. Combined with the LEP1 Z data, such a diagram can set bounds on operators involving 
two top quarks, and/or two rs, and /or charged leptons of different flavour. 



If the Z coupling to fermions fj is written 

C = -J^ljl^giPL + 9 S R PR)hZ P (34) 

then the loop of figure [T] modifies the couplings g 3 z by adding a contribution 8g z , where the subscript Z = L,R 
is the chirality of the final state leptons. Formulae for the vacuum polarisation loop can be found, for instance, 
in chapter 21 of [59]. An operator 2^/2e ijkk GF (qk"f a PQqk)(kj a Pzlj) gives 

N 2\/2(=^' fcfc <7zr f Qn In ( "> z 1 massless Ofe 



8tt 2 



5 i m * ln (^) qk=t 



where Q = L, R is the chirality of the quark in the loop. For light quarks, this gives ^~6x 5§10~ 3 e. Recall 
that <7l = ±1 — 2s^ v Q em , where Q em is the electric charge of the quark, and git = 2sy V Q em . F° r a top quark 
in the loop, the Z can always couple to the ti, with g^ — 2/3, because in the case where tn participates in the 
four fermion vertex, the chirality flip can be provided by m t without suppressing the loop. 
To obtain the bounds in the tables, we require for i = j 

iMi j r 



< ( 36 ) 



(at "two cr" ) , and and for i ^ j 



(si) 2 + (si) 2 R >, 



4.3 Neglected Constraints 

The constraint arising from /i — e conversion |63j is reproduced from |15j , because the experimental value |12j 
has not changed. Constraints can also be obtained from other processes, such as loop contributions to g-2 [M] 
and neutrino interactions [5S] [SSJ [57] . We neglect bounds from oblique parameters [55] , because these depend 
on the leptoquark couplings to the Higgs, which we do not consider. 
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Operator 


tabd 


tab [3] 


tabH 


tab [5] 


tab© 


tab [7] 


tab E 


tab 


tabnni 


tab EE] 


tab[H 


tab [H 




X 
X 


X 
X 


X 
X 








X 
X 








X 
X 


X 


o eq 
o ed 

O 

^ eu 


X 
X 


X 
X 




X 


X 






X 




X 








X 


X 








X 






X 




X 
X 





Table 1: Operators whose coefficients are constrained by the bounds in tables l2l to [T3l 



5 The tables 

We quote bounds on four fermion interactions of chiral fields. Bounds on the coefficients of gauge invariant 
operators an be extracted by expanding the operators as a sum of four fermion interactions, then identifying 
from the tables the most restrictive bound on the various four fermion interactions. In the table Q] are listed 
the tables whose bounds apply to the coefficients of the gauge invariant operators of eqns [3] to [5l 

Table [5] contains bounds which apply to V ± A generation-off-diagonal interactions involving charged 
leptons and ups of any chirality: {1 1 ^Pl,rV) {u k ^PL,RU n )- Table [3] is the same for interactions involving 
d-type quarks: (l z ^P L ,Rl 3 )(d k j' 1 PL,Rd n ). Notice that u and d can be SU(2) singlets or doublets. Tabled! 
gives bounds which apply to all the S ± P operators. Many of the bounds in tables [5J [3] and [TJ] arise from 
leptonic meson decays. In tables [2l [3l and [T4l all the flavour off-diagonal index combinations are listed. In the 
case where the bound depends on the chirality of the operator {e.g. Z — > lilj), the process is listed, but the 
bounds are in the chirality-specific tables \4\ [5| 171 l6l 151191 ITU! \U\ andlT2llT3l 

In the tables 141 [51 171 l6l l8l9l HU1 [TT1andfT3 l are listed all the generation diagonal coefficients e iikk , and other 
chirality dependent bounds, again on the coefficients of four fermion interactions, rather than the coefficients 
of gauge invariant operators. Tables l4l to [TT1 involve two charged leptons, whereas tables [T2l and [T3l constrain 
respectively interactions containing (D^/is), and charged current interactions. The bounds on four fermion 
interactions involving (y^v) are incomplete (see, e.g. [55] for a more complete analysis), because we are 
interested in dimension six contact interactions. At dimension six, any gauge invariant operator inducing 
{vjv)(fjf), where / S {q, u,d} also induces charged current, or charged lepton neutral current interactions, 
whose coefficients are usually more strictly constrained. So table[12]only contains a few interesting constraints. 

The first colomn of each table gives the generation indices ijkn of the operator. The bounds are ordered 
from first to third generation in each index, so they start with ijkn = 1111, then 1112 and so on to 3333. 
The second colomn is the numerical bound on e v kn , defined in eqn (|12[) , arising from the observation listed in 
the third colomn. In the last colomn, we give the numerical value of the data we used; in the cases where the 
bound can be expressed |e| 2 < BR expt x constant, then this allows to rescale the bounds on e when the data 
improves. 

All the four fermion interactions except those of table [T3] are hermitian, so all bounds apply under si- 
multaneous permutation of lepton and quark indices. In many cases, the experimental bounds apply under 
permutation on one pair of indices; for instance, the bound from D + — > 7r + e ± /j, ± applies to e e ^ cu and e^ ecu . 
We assume that bounds on the decays D + — > X and B + — > X apply also to the CP conjuagate processes 
D~ -> X and B~ -» X. 

Several operators involving a top quark are unconstrained, although they would contribute to tree level 
top decay (Therefore our tables are often missing the rows corresponding to top quarks.). One could hope for 
a rough bound e < Vtb from top data at the Tevatron. However, we did not find a Tevatron analysis of t decay 
via a four-fermion operator, where the kinematics will be different from the expected t — > Wb. 
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Constraint on ^ kn 


Observable 


Experimental value 


eeds 


5.7 x 10 


BR(K£ — > ee) 


9, x 10 


eedb 


2.0 x 10~ 4 


o lt( d — ?7r ee ) 
BB{B () ^n-ev c ) 


^ 1.8xl0~ 7 
^ 1.34X10- 4 


eesb 


1.8 x 10~ 4 


BR(B + ^K + ee) 

j-> jz> i n> — i j — i f ) — . \ 
±j H\B^ —^U^ ei/ e ) 


4.9X1CT 7 
2 . 2 X 1 U 


efidd 


O.O X 1U 


/i — e conversion on Ti 


cr(p~Ti-te~Ti) A Q ^ 1 n-12 
, -/ti- ; ; — ~r < 4.0 X 1U 

1 i^capture) 


e/ids 


3.0 x 10~ 7 


-1—, J / T/ll \ 

BR(Kl -> e/x) 


< 4.7 x 10~ 12 


&[idb 


z.U X 1U 


Bii(B + ^7r + S^) 


„ l.7xl0~ 7 

^ 1.34X10- 4 


e[iss 




Z e/i 




e[isb 


8 X 11) 


BR(B + ^>K + e[i) 
BR(B+^rD u ev e ) 


9-lxlO- 8 
^ 2.2x10-^ 


&[ibb 




Z — » g/i 




erdd 


8.4 x 10 


B.R(T~-»-Tr U e~) 

Bit(i— -wi—iv) 


^ 8xl0~ 8 
^ 10.91X10- 2 


erds 


4.9 x 10~ 4 


BR.(r^eK) 
BR(t^uK) 


BR < 3.3 x 10" 8 


erdb 


4.1 x 10~ a 


BR(B V -> er) 


< 1.1 x 10~ 4 


erss 




Z — > er 




ersb 








erbb 




Z — > er 




[i^ids 


7.8 x 10~ 6 


-> MM) 


6.84 x 10 J 


fifidb 


1.3 x 10" 4 


BB(B+-Hr + /ifi) 
BR(B"^tt-Su c ) 


^ 6.9xl0~ s 
^ 1.3X10" 4 


Misb 


7.0 x 10~ b 


T(B S -> M/u) 


BR < 4.7 x 10~ 8 


[irdd 


9.8 x 10~ 4 


Bfl(T _ -Mr l V~) 
Bit(i— -Wi—i/ T ) 


^ l.lXlO -7 
^ 10.91X10- 2 


/irds 


5.4 x 10~ 4 


BR(t-HsK) 


BR < 4.0 x 10" 8 


firdb 


2.1 x 10~ 2 


BR(B 11 -> /2r) 


< 2.2 x 10~ 5 


(j/rss 




Z /Zt 




firsb 


2.3 x 10~ 3 


BB(B + -i-if + T/j) 


^ 7.7xl0~ 5 
^ 2.2X10- 2 


firbb 




Z — >• /2t 




rrds 








rrdb 


0.2 


Bi?(B u -> fr) 


< 4.1 x 10" 3 


TTsb 









Table 2: Constraints on the dimensionless coefficient t l J kn ^ f the four-fermion interaction 
2\/2Gf (ei^^PL,Rej) {dk"i^PL,R.dn) ■ Pl,r can be Pl or Pr. The bounds collected in this table are flavour- 
changing, and apply to many of the operators; see the table[TJ The generation indices ijkn are given in the first 
column, and the best bound in column two. It arises from the observable of column 3, and the experimental 
value we used is given in column 4. All bounds apply under permutation of the lepton and/or quark indices. 
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Constraint on e l i kn 


Observable 


Experimental value 


eeuc 


7.9 x 1CT 3 


BR(D + ^TT + ee) 

D 1\\U — t7\ Cl/ e j 


^ 7.4X1CT 6 


eeut 








eect 








eett 


.092 


Z — > ee 


i? e = 20.804 ± .050 




O.O X 1U 


/i — 6 conversion on Ti 


a(fj,~Ti-ye-Ti) „ , o v in-12 
<t[[i 1 i^capture) 


efxuc 


i. * x iu 


BR(D + ^Tr + efj,) 
BR(D"^n-eu c ) 


^ 3.4xl0~ 5 
^ 2.83X10- 3 


efiut 








e^icc 




Z — >• e/z 




efj,ct 








e/itt 


.1 


Z — ► e/z 


BR < 1.7 x lO" 6 


GTVyU 


0.4t X 1U 


Bfl(-r~^7r"e~) 
BR(t- -^-k-v t ) 


8xl0~ s 
^ 10.91X10- 2 


eruc 








erut 








ercc 




Z — > er 




erct 








ertt 


0.2 




BR < 9.8 x 10 D 


fl/lUC 


6.1 x 10~ 3 


D T\\ U — ^7T 


^ 3.9xl0~ 6 
^ 2.83X10- 3 


















fifitt 


.061 


Z — > /U/Z 


i? M = 20.785 ± .033 


jlTUU 


9.8 x 10~ 4 


Bii(T~->7r u /i~) 


^ l.ixicr 7 

^ 10.91x10-^ 


jlTUC 








[ITUt 








flTCC 




Z — > r/I 




[ITCt 








fiTtt 


1 


Z — > T/J 


BR < 12 x 10~ 6 


TTUC 








TTUt 








TTCt 








TTtt 


.086 


Z ->• fr 


R T = 20.764 ± .045 



Table 3: Flavour-changing constraints on the dimensionless coefficient ^ kn , of the four-fermion interaction 
2\/2Gf (ei^f^PLMej) {uk^^PL,RU n )- Pl,r can be Pl or Pr. The bounds collected in this table apply to many 
of the operators; see the table [TJ The generation indices ijkn are given in the first column, and the best bound 
in column two. It arises from the observable of column 3, and the experimental value we used is given in 
column 4. All bounds apply under permutation of lepton and quark indices. 
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Constraint on e! J \? 

(n)lq 


Observable 


Experimental value 


eeuu 


> i x icr 2 


A± 

eeuw LL 


see sec 14.11 


eecc 


< 1 x icr 2 


A ± 

CoL-t^ , J-J J-J 


> 4.4, 5.6 TeV 


eett 


0.092 


Z — > ee 


R e = 20.804 ± .050 


e/icc 


.6 


Z — > efi 


BR < 1.7 x 10"" 


ercc 


1.4 


Z — > \XT 


BR < 9.8 x 10" 6 


flflUU 


> -2.0 x 10~ 2 
< 7.8 x 10" 3 


A+ 


> 2.9 TeV 

> 4.2 TeV 


fiflCC 


0.4 


Z — » fifl 


R M < 20.785 ± .033 


flfltt 


0.061 


Z — > fifl 


< 20.785 ± .033 


flTCC 


1.6 


Z — > flT 


BR < 12 x 10" 6 


TTUU 


0.54 


Z -> Tf 


R T < 20.765 ± .045 


TTCC 


0.54 


Tf 


R T < 20.765 ± .045 


TTtt 


0.086 


Tf 


R T < 20.765 ± .045 



Table 4: Flavour diagonal constraints on the dimensionless coefficient e* J ' , of the four-fermion interaction 
2\[2Gf (eij^PLBj) (ukjfj.PLUn)- The indices ijkn are given in the left colomn, the best calculated constraints 
are in column 2, arising the observable of column 3, with the experimental value in column 4. All bounds apply 
under permutation of lepton and/or quark indices. 



(ei7 M PrCj) {ukJ^PRUn) 


Constraint on e l J^ n 


Observable 


Experimental value 


eeuu 


1 x 10^2 


A± 

eeuu\RR 


see sec 14. 11 


eecc 


> -9 x 10"2 


A + 

Il eecc;RR 


> 1.5 TeV 




< 1.8 x 10~ 2 


^-eecc;RR 


> 3.8 TeV 


eett 


0.092 


Z — > ee 


R e < 20.804 ± .050 


eficc 


1.2 


Z — » efi 


BR < 1.7 x 10~ e 


ercc 


2.8 


Z -+er 


BR < 9.8 x 10~ 6 


fJbfJ/UU 


> -2.2 x 10~ 2 


A + 

fifluu;R,R 


> 4.2 TeV 




< 8.5 x 10" 3 




> 6.7 TeV 


fiflCC 


0.79 


Z — > fip, 


< 20.785 ± .033 


fifitt 


0.061 


Z — > fifl 


Rf, < 20.785 ± .033 


flTCC 


3 


Z — > f~LT 


BR < 12 x 10" e 


TTUU 


1.1 


Z -> Tf 


Rr = 20.764 ± .045 


TTCC 


1.1 


Z -> Tf 


R T = 20.764 ± .045 


TTtt 


0.086 


Z — > Tf 


R T = 20.764 ± .045 



Table 5: Flavour diagonal constraints on the dimensionless coefficient e^f", of the four-fermion interaction 
2\/2Gf {e-i'y^PRCj) {ukJ/iPRUn)- The indices ijkn are given in the left colomn, the best calculated constraints 
are in column 2, arising the observable of column 3, with the experimental value in column 4. All bounds apply 
under permutation of lepton and/or quark indices. 
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^ir Rtj) (UkJfj.r'LUn) 


Constraint on e J n 



O bservable 


Experimental value 


eeuu 


1.2 x 10 


A ± 

A 

eeuuiLR 


see sec 14. 11 


eecc 


4.2 x 1CT 2 


n= — 

A 

eecc;LR 


£ 3 TeV 


eett 


0.092 


Z — > ee 


i? T < 20 ± .08 


eucc 


0.6 


Z — » e/u 


Si? < 1.7 x 10~ y 


ercc 


1.4 


Z -> er 


Si? < 9.8 x 10~ y 


fJ,fJ,UU 


< 1.5 x 1Q-* 




£ 5.2 TeV 


flflCC 


0.40 


Z — > /x/2 


Rf, < 20.785 ± .033 


fifitt 


0.061 


Z — > /X/X 


i? M < 20.785 ± .033 


flTCC 


1.6 


Z ^ f~LT 


BR < 12 x 10" y 


TTUU 


0.54 


Z -> Tf 


i? T = 20.764 ± .045 


TTCC 


0.54 


Z -> Tf 


i? r = 20.764 ± .045 


TTtt 


0.086 


Z — > rf 


R T = 20.764 ± .045 



Table 6: Flavour diagonal constraints on the dimensionless coefficient e y , of the four-fermion interaction 
2\/2Gf (ei^f^PRej) (uk^^PLUn). The indices iy'fcn are given in the left colomn, the best calculated constraints 
are in column 2, arising the observable of column 3, with the experimental value in column 4. All bounds apply 
under permutation of lepton and/or quark indices. 





Constraint on e ¥ n 


Observable 


Experimental value 


eeuu 


1.4 x 10~ 2 


A ± 


see sec 14.11 


eecc 


> -8.6 x 10~ 2 
< 2.6 x 10- 2 


A + 

^eecc;LR. 


> 2.1 TeV 

> 3.4 TeV 


eett 


0.092 


Z — > ee 


R e < 20.804 ± .050 


eucc 


2.4 


Z — >• e/x 


BR < 1.7 x 10~ y 


ercc 


2.8 


Z ~>e~T 


BR < 9.8 x 10~ y 


fifiuu 


1.4 x 10^2 


A± 

^l^luu;LR 


> 5.2 TeV 


flflCC 


0.79 


Z — > /X/X 


R p < 20.785 ± .033 


flfltt 


0.061 


Z — > /x/x 


R M < 20.785 ± .033 


IJLTCC 


3 


Z — > /XT 


BR < 12 x 10- y 


TTUU 


1.1 


Z -> Tf 


i? T = 20.764 ± .045 


TTCC 


1.1 


Z ->■ Tf 


R T < 20.764 ± .045 


TTtt 


0.086 


Z ^ Tf 


R T = 20.764 ± .045 



Table 7: Flavour diagonal constraints on the dimensionless coefficient e y , of the four-fermion interaction 
2\/2Gf (ci^PhCj) {uk^^PRUn). The indices iy'fcn are given in the left colomn, the best calculated constraints 
are in column 2, arising the observable of column 3, with the experimental value in column 4. All bounds apply 
under permutation of lepton and/or quark indices. 
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Constraint on e \ 3 

(n)iq 


Observable 


Experimental value 


eedd 


1.3 x 1(T 2 


A ± 

eedd:LL 


see sec 14.11 


eess 


1.5 x 1(T 2 


A ± 

eeqq-.LL 


> 9.7, 8.0 TeV 
see sec 14.11 


eebb 


> -4.3 x 1(T 3 
< 1.5 x 10 -2 


A+ 

Iv eebb:LL 
^■eebb-.LL 


> 9.4 TeV 

> 4.9 TeV 


e^iss 


.5 


Z — > efj, 


BR < 1.7 x lO -8 


e[ibb 


.5 


Z — > e/i 


BR < 1.7 x 10~ e 


erss 


1 


Z -> er 


BR < 9.8 x lO" 6 


erbb 


1 


Z -> er 


BR < 9.8 x 10~ e 


fifidd 


> -6.4 x 1(T 2 
< 2.3 x 10" 2 


A+ 

fifidd;LL 
^ fifidd;LL 


> 4.2 TeV 

> 7.0 TeV 


[IflSS 


0.32 


Z — > /J,j2 


R^ < 20.785 ± .033 


[i[ibb 


0.32 


Z — > /X/Z 


R^ < 20.785 ± .033 


(J.TSS 


1 


Z — >• /iT 


BR < 12 x 10" B 


firbb 


1 


Z — > /2r 


BR < 12 x 10~ 6 


rrdd 


.43 


Z -> rf 


Rr = 20.764 ± .045 


TTSS 


.43 


Z — > TT 


R T = 20.764 ± .045 


rrbb 


.43 


Z — y tt 


R T = 20.764 ± .045 



Table 8: Flavour diagonal constraints on the dimensionless coefficient e ij , of the four-fermion interaction 
2\[2Gf (e^Phe-i) (dkJpPLdn) ■ The indices ijkn are given in the left colomn, the best calculated constraints 
are in column 2, arising the observable of column 3, with the experimental value in column 4. All bounds apply 
under permutation of lepton and/or quark indices. 
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Constraint on A n 


Observable 


Experimental value 


eedd 


2.2 x 1(T 2 


Il eedd;RR 


see sec 14. 11 


eess 
eess 


> -2.0 x 1(T 2 
< 3.7 x 10" 2 


A + 

^■eeqq;RR 


7.6 TeV 
5.6 TeV 


eebb 


> -1.5 x 1CT 2 
5.6 x 1CT 2 


Iv eebb;RR 
^eebb-.RR 


4.9 TeV 
2.6 TeV 


efiss 


2.4 


Z — > e/z 


BR < 1.7 x KT 6 


e^ibb 


2.4 


Z — > en 


BR < 1.7 x Kr B 


erss 


6 


Z ^ er 


BR < 9.8 x l(T y 


erbb 


6 


Z ^er 


BR < 9.8 x 10"° 


/ifidd 


> -1.7 x 1CT 1 
< 6.7 x 10" 2 


A + 

^wdd;RR 


4.2 TeV 
6.7 TeV 


/X/iSS 


1.6 


Z — ¥ [X\X 


i? M < 20.785 ± .033 


/H/ubb 


1.6 


Z — > fljl 


R^ < 20.785 ± .033 


/XTSS 


6 


Z — > /XT 


BR < 12 x lO" 6 


[irbb 


6 


Z — > /2r 


BR < 12 x 10" 6 


rrdd 


2.2 


Z ->• rf 


i? T = 20.764 ± .045 


TTSS 


2.2 


Z -> rf 


R T = 20.764 ± .045 


rrbb 


2.2 


2 -> rf 


R T = 20.764 ± .045 



Table 9: Flavour diagonal constraints on on the dimensionless coefficient e^jf", of the four-fermion interaction 
2\/2Gf (ei^f^PLej) (dk^i^PLdn) ■ The indices ijkn are given in the left colomn, the best calculated constraints 
are in column 2, arising the observable of column 3, with the experimental value in column 4. All bounds apply 
under permutation of lepton and/or quark indices. 
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Constraint on e/^ n 


Observable 


Experimental value 


eedd 


2.7 x 1CT 2 


A ± 

< i <!<l : L It 


see sec 14.11 


eess 


> -6.8 x 10~ 2 
< 4.3 x 10~ 2 


A + , o 
eeqq\LR 

eeqq;LR 


4.1 TeV 

5.2 TeV 


eebb 


> -2.5 x 1CT 2 
< 5 x 10~ 2 


A + 

J1 -eebh;Lfl 
^eebb.LR 


3.9 TeV 
2.8 TeV 




9 A 




R R 1 7 v 1 n~ B 


e^ibb 


9 A 




RB / 1 7 v 1 n~ B 


GTSS 


u 


ZJ 7 C / 


Br / o s y 1 n-t> 

JJJl . C/.O A _LU 


&i~bb 


u 




JJJl . C/.O A _LU 


fifidd 


i 9 v i n — 1 


fifidd.LR 


(j.z j_e v 


fJ,fJ/SS 


1 £ 

l.D 


Zj — 7 flfl 


R ^ 9P1 78^ -I- 0'?'? 


[i[j,bb 


1.6 


Z — > /i/I 


i? M < 20.785 ± .033 


fj/rss 


6 


Z — > /2r 


BR < 12 x 10~ 6 


[irbb 


6 


Z — > /2r 


BR < 12 x 10~ e 


rrdd 


2.2 


Z rf 


i? r = 20.764 ± .045 


TTSS 


2.2 


Z Tf 


i? T = 20.764 ± .045 


rrbb 


2.2 


Z ^ rf 


R T = 20.764 ± .045 



Table 10: Flavour diagonal constraints on the dimensionless coefficient e^ kn , of the four-fermion interaction 
2v / 2Gf (e-i^Ph&i) (dkl^PRdn) ■ The indices ijkn are given in the left colomn, the best calculated constraints 
are in column 2, arising the observable of column 3, with the experimental value in column 4. All bounds apply 
under lepton and/or quark index permutation. 



(e^PRej) (dk-ff.PLdn) 


Constraint on e l J q kn 


Observable 


Experimental value 


eedd 


2.2 x 10~ 2 


A ± 

^eedd.RL 


see sec 14.11 


eess 


> -8.0 x 10~ 2 
< 3.2 x 10" 2 


A + 

eeqq;RL 
^eeqq\RL 


3.8 TeV 
6.0 TeV 


eebb 


> -6.6 x 10~ 2 
< 1.8 x 10~ 2 


ly eebb-RL 
^■eebb-RL 


2.4 TeV 
4.6 TeV 


efj,ss 


0.5 


Z — > BfJ, 


BR < 1.7 x 10-" 


eubb 


0.5 


Z — > e/i 


BR < 1.7 x 10" B 


erss 


1 


Z -> er 


BR < 9.8 x 10-" 


erbb 


1 


Z -> er 


BR < 9.8 x 10"° 


[ifxdd 


1.2 x lO" 1 


A ± 

IV HHdd;LR 


5.2 TeV 


UfXSS 


0.32 


Z — > up, 


i? M < 20.785 ± .033 


[i[j,bb 


0.32 


Z — >• [ifi 


i? M < 20.785 ± .033 


[ITSS 


1 


Z — > /2r 


BR < 12 x 10~ 6 


[irbb 


1.8 


Z — > /Zr 


BR < 12 x 10" B 


rrdd 


0.43 


Z -)• Tf 


R T = 20.764 ± .045 


TTSS 


0.43 


Z ^ rf 


R T = 20.764 ± .045 


rrbb 


0.43 


Z ^ rf 


R T = 20.764 ± .045 



Table 11: Flavour diagonal constraints on the dimensionless coefficient e^ kn , of the four-fermion interaction 
2\/2Gf (ei^f^PRej) (dkl^PLdn) ■ The indices ijkn are given in the left colomn, the best calculated constraints 
are in column 2, arising the observable of column 3, with the experimental value in column 4. All bounds apply 
under lepton and/or quark index permutation. 
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(D ryf-Pr is \ (ri, -y Pr n \ 
Kyt I r L l/ ]l \<lk lfi- r L<Jn) 


C^,CW\ Q^VPI lTli" C\~V\ fj'j ^ 
vyUHS LI CllllL (Jll £ 


(1 riQOT'Trfl r>lp 
VaUlC 


IjAUCI llllt^HUcll Veil U.C 




7.3 x 10~ 3 


^uuqq\LL 


> 5.1 TcV 


ViVjds 


9.4 x 1CT 6 


BR.(K + ^TT + vv) 
BR(K+^TT°eiy c ) 


1.5x10" 10 

5.08X10- 2 


ViVjbd 


4.9 x 10~ 2 


BR.(B + ^TV + yu) 
Bfl(B°-Mr+ei' e ) 


„ l.OxlO -4 
^ 1.34x10-* 




1.0 x 1CT 3 


BR{B + ^K + vv) 


^ 1.4xl0 -5 
^ 2.2xl0- 2 



Table 12: Some constraints on the dimensionless coefficient e l ^ kn , of the four-fermion interaction 
■Pi^j) {(lklnPL,R,q n )- The indices ijfcn are given in the left colomn, where is is specified whether q 
can be a u-typc or <i-type quark. q\ is a u or d. See |69j for a more complete list of constraints; here are listed 
only those which can give more restrictive constraints than charged lepton interactions on the coefficients of 
gauge-invariant dimension six operators. 





Constraint on e Ij7c ™ 


Observable 


Experimental value 


v e edu 


1.0 x 10~ 3 


unitarity 


SV US = .0019 


Viedu 


4.5 x 10~ 2 


unitarity 


SV US = .0019 


v e edc 


4.8 x 10~ 2 


unitarity 


SV cd = .024 


Viedc 


1.5 x lO" 1 


unitarity 


SV cd = .024 


v e esu 


4.0 x 10~ 3 


unitarity 


SV US = .0019 


ViESU 


3.0 x 10~ 2 


unitarity 


SV US = .0019 


v e esc 


1.2 x lO" 1 


unitarity 


6V CS = .06 


Viesc 


2.4 x lO" 1 


unitarity 


5V CS = .06 


Viebu 


3.9 x 10~ 3 


5s V u b 


< 3.93 x 10~ 3 


Viebc 


4.1 x 10~ 2 




< 4.12 x 10~ 2 


v^iidu 


4.0 x 10~ 3 


Hit 


(1.230 ±0.004) x 10~ 4 


Vifidu 


9.0 x 10~ 2 


Rtt 


(1.230 ±0.004) x 10~ 4 




2.2 x 10~ 2 


unitarity 


6V cd = .011 


Vi[idc 


1.0 x 10" 1 


unitarity 


5V cd = .011 


v^su 


4.0 x 10~ 3 


unitarity 


SV US = .002 




3.0 x 10" 2 


unitarity 


SV US = .002 


U^pLSC 


1.2 x 10" 1 


unitarity 


SVc = .06 


ViflSC 


2.4 x lO" 1 


unitarity 


5V CS = .06 


Vifibu 


3.9 x 10" 3 


£ Vub 


< 3.93 x 10~ 3 


Vifj.bc 


4.1 x 10~ 2 




< 4.12 x 10~ 2 


u T rdu 


1.0 x 10~ 2 




0.996 ± .005 


ViTdu 


2.0 x lO" 1 


5r/ff^[S5] 


0.996 ± .005 


Vijdc 


1.5 x lO" 1 


&Vcd 


V cd = 0.23 


V T TSU 


6.0 x 10~ 3 


unitarity 


5V US = .0027 


ViTSU 


7.7 x 10~ 2 


unitarity 


SV US = .0027 


V T TSC 


1.2 x lO" 1 


unitarity 


6V CS = .06 


ViTSC 


2.4 x 10" 1 


unitarity 


SV CS = .06 


ViTbu 


3.9 x 10~ 3 


5s V u b 


< 3.93 x 10~ 3 


Vijbc 


4.1 x 10~ 2 


&v cb 


< 4.12 x 10~ 2 



Table 13: Constraints on the dimensionless coefficient £ y fe ™ ; of the four-fermion interaction 
2\/2Gf (pi^PL^i) (d~klp.PL,RU n ) ■ The indices ijkn are given in the left colomn, the best calculated con- 
straints are in column 2, arising the observable of column 3, with the experimental value in column 4. 
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(Uiej) (d k u n ) 


Constraint on ^ kn 


Observable 


Experimental value 


v e edu 


6.3 x 10" Y 


Rtt 


(1.230 ±0.004) x 10~ 4 


Viedu 


1.6 x lCT b 


Rtt 


(1.230 ±0.004) x 10~ 4 


Viedc 


1.4 x lCT 3 


T(D+ -> evi) 


< 8.8 x 10- B 


v e esu 


2.3 x lCT y 


BR{K+ -> ev e ) 


(1.55 ±0.07) x 10~ b 


Utesu 


1.5 x 1(T 5 


BR(K+ -> evi) 


(1.55 ±0.07) x 10~ b 


Viesc 


4.9 x 10~ 3 


BR{D+ -> ev^ 


< 1.3 x 10~ 4 


Viebu 


1.8 x 1CT 4 


BR(B + -> ev) 


< 5.2 x 10 _e 


Viebc 








v e \isu 


9.7 x 1(T 4 


BR(K+ -> fiv e ) 


< 4.0 x 10~ 3 


v^iidu 


1.3 x 10~ 4 


RjT 


(1.230 ±0.004) x 10~ 4 


Vi[idu 


3.2 x 10~ 3 


R, 


(1.230 ±0.004) x 10~ 4 


v^dc 


7.6 x 10~ 4 


BR(D+ -> fiv) 


(3.82 ± 0.33) x 10~ 4 


vi[idc 


3.7 x KT 3 


BR(D+ -> fiv) 


(3.82 ±0.33) x 10~ 4 




2.4 x 1CT 4 


f!( 0) f o r 


0.2 x 10~ 2 




3.0 x 10~ 3 


Rk 


(2.44 ±0.11) x 10~ b 


v^sc 


4.3 x 10" 3 


BR(D+^fv T ) 
BR(Dt — >Jivu,) 


(11.0 ±1.4 ±0.6) 






1.7 x 10 


BR(D + ^fv) 
BR(Dt^fiv) 


(11.0 ± 1.4 ± 0.6) 


Vi[ibu 


1.0 x 10~ 4 


BR(B+ ->■ fiv) 


< 1.7 x lO" 5 










u T rdu 


4.5 x 10~ 3 


BR(t -> w+v) 


(10.91 ±0.07) x 10" 2 


ViTdu 


8.0 x 10~ 2 


BR(T -> TT+v) 


(10.91 ±0.07) x 10~ 2 


ViTdc 


1.5 x 10" 1 


BR(D+ -> fv) 


C 1.2 x 10~ 3 


V T TSU 


2.3 x 10~ 2 


BR(t -> K+v) 


(6.96 ±0.23) x 10~ 3 


V{TSU 


2.2 x 10" 1 


BR(t -> K+v) 


(6.96 ±0.23) x 10~ 3 


V T TSC 


7.2 x 10~ 2 


BR{D+^fy T ) 


(11.0 ±1.4 ±0.6) 


ViTSC 


2.9 x lO" 1 


BR(D + ^fv) 
BR{Dt -tjiv) 


(11.0 ±1.4± 0.6) 


ViTbu 


8.2 x 10~ 4 


BR(B+ -> fv r ) 


(1.4 ±0.4) x 10~ 4 


v T Tbu 


3.1 x 10~ 4 


BR{B+ -> fv T ) 


(1.4 ±0.4) x 10~ 4 


ViTbc 









Table 14: Constraints from "charged current" processes on S ± A operators. These apply to e^ s n and e^". 
The first colomn is the index combination ijkn, the second is the constraints, which arise from the observable 
given in column 3. The experimental value used is the last colomn. vi is any flavour of neutrino. 



(^ej) {q k u n ) 


Constraint on ^Lg 


Observable 


Experimental value 


eeuc 


7.6 x 10~ 4 


BR(D U -> ee) 


< 1.2 x 10~ B 


fj,euc 


6.3 x 10~ 4 


BR(D U -> fie) 


< 8.1 x 10~ 7 


fi/J,UC 


7.9 x 10~ 4 


BR(D 1 ' -> fin) 


C 1.3 x 10~ 6 



Table 15: Constraints on e^g™ - for the ijkn index combination given in the first column. The bounds given in 
table [T31 also apply. The second colomn is the constraint, which arises from the observable given in column 3. 
The experimental value used is the last colomn. These bounds are also valid under lepton and/or quark index 
permutation. 
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(LeA (di.a„) 


Constraint on f*^. ^ 


Observable 


ExperimentcLl value 


eeds 


2.1 x 1CT 8 


BR(K° L -> ee) 


9.0 x 10~ 12 


eedb 


3.2 x 10~ 5 


BR(B° -> ee) 


< 1.13 x 10~ 7 


eesb 


5.6 x 1CT 4 


-> ee) 


< 5.4 x 10~ 5 


fieds 


9.0 x 10~ 9 


Bi?(.K~ 9 jSe) 


< 4.7 x 10~ 12 


efibd 


2.9 x 1CT 5 


J Bi?(B u e>) 


< 9.2 x 10~ 8 


e[ibs 


1.9 x 1CT 4 


BR{B V S -> e>) 


< 6.1 x 10-" 


erds 








erdb 


1.1 x 10~ 3 


BR(B° -> er) 


< 1.1 x 10~ 4 


ersb 








[ifids 


5.9 x 1CT 7 


MM) 


6.84 x 10~ 9 


fifidb 


1.2 x 10~ 5 




< 1.5 x 10~ 8 


[ifibs 


1.7 x 1CT 5 


BiZ(B^ -> M/x) 


< 4.7 x 10~ 8 


firbd 


6.6 x 1CT 4 


BR{B° -> /It) 


< 3.8 x 10~ 5 


[irds 








firsb 








rrds 








rrdb 


8.0 x 10~ 3 


BR(B° -+ tt) 


< 4.1 x 10~ 3 


TTsb 









Table 16: Constraints on e^ e " for the ijkn index combination given in the first column. The bounds given in 
table [T31 also apply. The second colomn is the constraint, which arises from the observable given in column 3. 
The experimental value used is the last colomn. These bounds are also valid under lepton and/or quark index 
permutation. 
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6 Expectations for flavour structure 



In this section, we aim to make "motivated" guesses for the flavour structure of the two-quark, two lepton 
operator coefficients. We prefer not to use the predictions of Minimal Flavour Violation (MFV) [TJ [2] for two 
reasons: from a phenomenological perspective, there is not a unique extension to the lepton sector [70], and in 
a more model-dependent approach, defining MFV for New Physics such as leptoquarks is even more ambiguous 

ED 

Instead, we consider an alternative to MFV, which provides almost enough suppression of Flavour Chang- 
ing Neutral Currents (FCNC) in the quark sector. Following Cheng and Sher[38], we assume NP couplings have 
a flavour hierarchy patterned on the Yukawa couplings : e % i kn ~ y/ViVjVkVn where j/j is the Yukawa couplings 
of fermion i. This can arise in models with extra dimensions [72 , or can be described in 4 dimensions by inverse 
hierachies of the Z coefficients of the fermion kinetic terms (the hierarchy being imprinted on all interactions 
when the kinetic terms are canonically normalised [73]). 

The Yukawa couplings of u,c, i are y u ,c,t = 9 ^'' , and for charged lepton and <i-type quarks, a factor of 
tan j3 is included: 

Vd,s,b = tan^— . 

We include the rescaling parameter tan/3 to allow for the possibility that the underlying theory of flavour 
physics gives hierarchies of flavoured couplings. In this perspective, the largest eigenvalue of all matrices of 
flavoured couplings might be ~ 1, with the magnitude of dimensionful parameters like masses controlled by 
some other physics (such as Higgs vevs). 

To obtain a flavour structure for the coefficients of two-lepton two quark operators, we assume that the 
scale of new physics is 

1 _ AGp 

and that the coefficient of an operator containing Ui (or di, ej), will contain a factor ^y U i (or ^ydi, \JUei)- 
For the doublets, we assume that qt comes with a factor y/y U z (because its larger), and li with a factor ^y e i 
(because we do not consider neutrino masses) . This suggests a hierarchy of order 



ijkn ijkn ijkn ijkn ijkn .,i,j«,k 



VlvhuVl (38) 



ijkn ijkn ijkn k ■ n VeVe Jv l V j V k V n fWl 

e ed ) € ed ! e qde VdVdX k n ' \jVeyey d y d [oV ) 

V yuou 

for the coefficients of the operators listed in equations (J3J to ([5]). Since mj < m t , m s < m c and m d ~ 2m u , we 
replace (y^Ud) 2 /VuVu ~^ VdVd m e 1 n and use the estimate to the right of the arrow. The experimental 
contraints are weaker than our guesses, even with this optimistic approximation. 

In tables [T7J and table [THJ we respectively list, in the first colomn, all the flavour index combinations 
eiejUkU n and eiejdkd n . Then in the following colomns we give the best bound we obtained for any chiral 
structure, the expected value of e ufcn for tan/3 = 1, and the observable from which the bound is obtained. The 
bounds which arise from charged current processes are specifically labelled, because it is less clear whether the 



"expectation" would be oc y ylyly^y 1 ^ or oc y ylyeVuUu' 

The tables show that in most cases, for tan/3 = 1, our naive expectations are far below the experimental 
sensitivity of the processes we have considered. (Recall, however, that we neglected most loop processes. There 
would be additional constraints, for instance from meson-anti- meson mixing recently studied by [44], on any 
new particles inducing our operators.) In boldface, we draw attention to some kaon observables, where the 
current bounds are close to our guesses. This suggests that more sensitive rare Kaon experiments could be a 
good place to look for two lepton, two quark operators. 



7 Conclusion 

We have compiled flavour dependent bounds on effective interactions between two leptons and two quarks, 
which could be induced by SU(3) x SU{2) x U(l) invariant dimension six operators. The constraints are listed 
in tables [21TIB1 with the rows labelled by the fermion generations. The bounds are set assuming that only 
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ijkn 


Constraint on e ljkn 


Expectation 


Observable 


eeuu 
v e eud 


1 x 1(T 2 
6 x 1CT 7 


5 x 10" 11 


A* 

eeuu ,1/1/ 

Fin 


eeuc 
v e eus 


8 x 1CT 4 
2.3 x 1CT 6 


1 x 10~ 9 


BR(D° -> ee) 
BR(K+ -> ev e ) 


vieub 


1.8 x 1CT 4 




BR(B+ -> ev) 


eecc 


1 x 1CT 2 


2 x 10~ 8 


eecc;LL 


eect 




2 x 10~ 7 




eett 


9 x 10~ 2 


3 x 10~ e 


Z — > ee 


ejiuu 


8.5 x 1CT Y 


6 x 10~ 1U 


fj, — e conversion 


efxuc 


6 x 1CT 4 


1 x 10~ 8 


D u -> fie 


v e [iub 


1.0 x 10~ 4 


2 x 10~ 7 


BR(B+ -> fiv) 


ep.cc 


0.6 


3 x 10- y 


Z -> fie 


e/ict 




3 x 10~ 6 




efitt 


.1 


4 x lO" 5 


Z — > fie 


eruu 


8 x 10" 4 
1.6 x 10~ 5 


3 x 10" 9 


BR(T-^ir"e-) 
BR(t~— >-k~v t ) 

Rtt 


erne 




6 x 10~ 8 




erut 
Viebu 


1.8 x 10~ 4 


8 x 10~ 7 


BR(B+ -> ev) 


ercc 


2 


2 x lO" 6 


Z -> fie 


erct 




2 x lO" 5 




ertt 


0.2 


2 x 10~ 4 


Z -> fie 


flflUU 


1 x 10" 2 
1.3 x 10~ 4 


9 x 10" 9 


^-fifiuu-.RR 
Rir 


Uliuc 


8 x 10~ 4 
2.4 x 10~ 4 


2 x 10~ 7 


BR(D V /x/x) 

f !h) for <3 






Z X 1U 




\x\xcc 

V^liSC 


1 

4.3 x 10~ 3 


4 x 10~ e 


Z — > /U/x 

BR(D + — >tv t ) 
BR{D+^fiv u ) 






5 x 10~ 5 




mitt 


0.07 


6 x 10~ 4 


Z — > jLt/i 


jlTUU 


9.8 x 10~ 4 


3 x 10" 8 


Bfl(T _ -»7r u e _ ) 
BR(t~ —tir- v T ) 


fJ>TUC 
ViflSU 


3.0 x 10~ 3 


6 x 10~ 7 


Rk 


/J,TUt 

i>i\xbu 


1.0 x 10~ 4 


8 x 10~ 6 


BR(B+ -> pi/) 


flTCC 


2 


2 x 10~ 5 


Z —¥ ffl 


/J,TCt 




2 x 10~ 4 




[ITtt 


0.07 


2 x 10~ 3 


Z — > ffj, 


TTUU 


0.5 


2 x 10~ 7 


Z — ^ TT 


TTUC 




3 x 10~ e 




TTUt 




4 x 10~ 5 




TTCC 


0.5 


7 x 10~ 5 


fr 


TTCt 




8 x 10~ 4 




TTtt 


0.09 


1 x 10~ 2 





Table 17: This table indicates the proximity of current experimental bounds to the hierarchical expectation: 
£ ijfcn ^ ylyiuuUu- The first colomn gives all the flavour index combinations eiejU]~u n . The second colomn is 
the best bound we obtained for any chiral structure, the third colomn is the expected value of e' 3 '™, and the 
last is the observable from which the bound is obtained. Notice that e oc tan/3, so it is straightforward to see 
which observables become interesting as tan f3 increases. 



1 1 IC 71 
lj rv 1 1 


V_yUllO LI dlllL (JLL t 


J_J A. JJ <^ L L el L 1 U 1 1 


i) nQPT"\7"fi nip 

UUDCl VdUlC 


eedd 


l.o x icr 2 


9 x 10" 11 


_ _ J ,1 , J T 


eeds 

V U fit 

6 C 


5.7 x 10~ 5 
9.4 x 10~ 6 


3 x 10" 1U 


BR{Kl ee) 

BR{K+-+tt + T>v) 
BR(K+^it"ev c ) 


eeab 


2.0 X 10 


3 X 10 


BR{B + ^ir + ee) 
BR(B"^TT-ev e ) 


eess 


1.5 x 10~ 2 


2 x 10~ 9 


t-rc — ■ ■ 

Kess-.LL 


eesb 


1.8 x 10~ 4 


1 x 10" 8 


BR(B + —>-K + ee) 
BR(B«^D°ev e ) 


eebb 


1.5 x 10~ 2 


^ C 

8 x 10~ 8 


^eebb;LL 


e^idd 


8.5 x 10"' 


1 x 10" 9 


H — e conversion 


efias 


9.0 X 10 


4 X 10 -9 


BR(K K [ — > £ie) 


efidb 


2.9 x 10" 5 


4 x 10~ 8 


5^(5" -> /ie) 


e/iss 


0.5 


2 x 10~ 8 


Z — > e/i 


efisb 


8 x 10" 5 


2 x 10" 7 


BR(B+^K + fj,e) 


e/ibb 


3 


1 x 10~ e 


^ — >• e/x 


erdd 


8.4 x 10~ 4 


6 x 10" 9 


BR{t-^h-v t ) 


erds 
v e v T ds 


9.4 x 10~ 6 


z X 11) 


BR(T-^K u e~) 
BR(t-^K~v t ) 

BR(K+^TT°eu c ) 


erdb 


1.1 x 10~ a 


2 x 10" Y 


BR(B { > -> re) 


erss 


1 


1 x 10~ 7 


er 


ersb 
v e v T sb 


1.0 x 10" 3 


8 x 10" 7 


BR(B+^fD u eu e ) 


erbb 


1 


5 x lO" 6 


Z ^ er 


\i\idd 


3.2 x 10~ 3 

4.3 x 10~ 2 


2 x 10~ 8 


1V UUdd\RR 


fifids 


5.9 X 10~ 7 


6 X 10" 8 


BR(K° L -+ 


[i\idb 


l.Z X iu 


D X IU 


r>it\D — ? /i/ij 


flfJLSS 


0.8 

3.0 x 10~ 2 


4 x 10" Y 


Z — > /U/z 

BR(D% — >r i/ T ) 


[x\xsb 


1.7 x 10 -5 


2 x 10~ 6 


BR(B" -> u/i) 


ii nhh 


0.8 


2 x 10~ 5 


^ — ^ MM 


firdd 


9.8 x 10~ 4 


6 x 10" 8 


Bfl(r-->7r-i/ T ) 


/irds 
v ^v T ds 


5.4 x 10~ 4 

ij.^i X IU 


2 x 10" 7 


BR(T^fiK) 

d rt ( T — > Z/iV j 

BR{K + -*-k + vv) 
BR(K+^Tr a ev e ) 


jjbrdb 


6.6 x 10 -4 


2 x 10 b 


1 > 7-1 / 7->( ) — \ 

BR(B U — > fir) 


fJ,TSS 


1 


1 x lO" 6 


Z ->• r/2 


[it sb 

V^V T sb 


4 X IU 

1.0 x 10~ 3 


o X IU 


BR(B + ^K + ffi) 
BR{B+^D°tv) 
BR\B — ^/v 
BR{B+^D°ev e ) 


[irbb 


1 


5 x 10~ 5 


Z — > T/i 


rrdd 


0.8 


3 x 10~ 7 


fT 


rrds 

v T v T ds 


9.4 X 10- 6 


l x io~ 5 


op/ 1^+ 1 — . + ,-iI<^ 

D l\ y IX — ^7T 1/1/ J 

BR(K+^it"ev c ) 


rrdb 


0.2 


1 x 10" b 


BR(B" -> fr) 


TTSS 


0.8 


6 x 10~ e 


fr 


TTSb 

v T v T sb 


1.0 x 10^3 


4 x 10" 5 


BR(B+^K + vv) 
BR(B+—>D u ev e ) 


rrbb 


0.8 


3 x 10~ 4 





Table 18: This table indicates the proximity of curren^experimental bounds to the hierarchical "expectation" 
• gij'fen ^ / y l e y J e yky2 The first colomn gives all the flavour index combinations eiejdkd n . The following colomns 



one interaction is present at a time (so we neglect possible cancellations). For each possible combination of 
external leg flavours, the strongest bound is listed. Constraints were obtained from rare meson decays (leptonic 
or semi- leptonic), semi-leptonic tau decays, contact interactions at colliders, Z decay data from LEP1, and 
// — e conversion. 

We also discussed, in section [6l a naive "guess" for the expected flavour structure of the operator coeffi- 
cients. The expectations are always below the current experimental bounds (for tan/3 = 1), as can be seen in 
tables [17] and [TS] Some rare Kaon decay bounds are close to these "expectations" . 
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